Abstract Charcot-Marie-Tooth (CMT) disease is the most common inherited peripheral neuropathy with the majority of cases involving demyelination of peripheral nerves. The pathogenic mechanisms of demyelinating CMT remain unclear, and no effective therapy currently exists for this disease. The discovery that mutations in different genes can cause a similar phenotype of demyelinating peripheral neuropathy raises the possibility that there may be convergent mechanisms leading to demyelinating CMT pathogenesis. Increasing evidence indicates that ErbB receptor-mediated signaling plays a major role in the control of Schwann cellaxon communication and myelination in the peripheral nervous system. Recent studies reveal that several demyelinating CMT-linked proteins are novel regulators of endocytic trafficking and/or phosphoinositide metabolism that may affect ErbB receptor signaling. Emerging data have begun to suggest that dysregulation of ErbB receptor trafficking and signaling in Schwann cells may represent a common pathogenic mechanism in multiple subtypes of demyelinating CMT. In this review, we focus on the roles of ErbB receptor trafficking and signaling in regulation of peripheral nerve myelination and discuss the emerging evidence supporting the potential involvement of altered ErbB receptor trafficking and signaling in demyelinating CMT pathogenesis and the possibility of modulating these trafficking and signaling processes for treating demyelinating peripheral neuropathy.
Introduction
Charcot-Marie-Tooth (CMT) disease, also known as hereditary motor and sensory neuropathy, describes a heterogeneous group of inherited peripheral nervous system disorders affecting 1 in 2500 people worldwide [1] . CMT is divided into two forms, demyelinating CMT and axonal CMT. The majority (80 %) of CMT cases belongs to the demyelinating form where the primary defect is an inability of Schwann cells to properly form or maintain myelination of axons, resulting in marked decrease in nerve conduction velocity and secondary degeneration of axons [1, 2] . Clinical presentation of CMT is dependent on the specific gene mutation, but patients typically present with weakness, sensory loss, and/or muscle wasting that usually develop during the first two decades of life [1] [2] [3] [4] . Some patients have an infantile onset of disease with severe debilitation requiring wheelchairs for ambulation by 20 years of age [5] . Unfortunately, there is no effective treatment for CMT [6] , highlighting the need for a better understanding of CMT pathogenesis in order to identify disease-modifying therapies.
Human genetic studies indicate that demyelinating CMT can be caused by autosomal dominant (CMT1), autosomal recessive (CMT4), or X-linked dominant (CMT1X) mutations [1, 2] . The most common genetic defect for demyelinating CMT is duplication of the PMP22 gene, which causes excessive production of peripheral myelin protein 22 (PMP22) [7] [8] [9] . Missense mutations in PMP22 [10] or other myelin proteins such as myelin protein zero (MPZ) and connexin 32 are also common causes of demyelinating CMT [1, 2] . These mutations can result in a toxic buildup of misfolded myelin proteins [11] and/or a loss of myelin protein function [12, 13] . The identification of demyelinating CMT-linked mutations in several non-myelin proteins suggests the existence of alternative pathogenic mechanisms for causing this disease. Recent studies of these CMT-linked proteins have revealed their role as novel regulators of endocytic trafficking and/or phosphoinositide metabolism and indicate that their mutations can lead to defects in endocytic trafficking. How these trafficking defects cause demyelinating peripheral neuropathy is an important, unresolved question. Furthermore, how diverse mutations in different genes cause a similar phenotype of demyelinating CMT is not understood. Based on the emerging data, we propose that dysregulation of ErbB receptor trafficking and signaling in Schwann cells may represent a common pathogenic mechanism in several subtypes of demyelinating CMT.
In this review, we will first provide an overview of current knowledge on ErbB receptor signaling in the control of peripheral nerve myelination and discuss how ErbB receptor signaling may be regulated by endocytic trafficking and phosphoinositides. We will then highlight recent findings linking endocytic trafficking defects to multiple subtypes of demyelinating CMT and discuss how these trafficking defects may alter ErbB receptor trafficking and signaling in Schwann cells and thereby contribute to demyelinating CMT pathogenesis. Finally, we will discuss the potential therapeutic benefits of targeting ErbB receptor trafficking and signaling pathways for treatment of demyelinating peripheral neuropathy.
ErbB Receptor Signaling in the Control of Myelination in Peripheral Nerves
In the peripheral nervous system, myelination of axons by Schwann cells enables saltatory conduction of nerve impulses that are vital to proper motor and sensory functions [14, 15] . Schwann cell-axon communication is essential for the formation, maintenance, and function of highly organized, myelinated peripheral nerves. Neuregulin-1 (Nrg1) signaling through ErbB receptor tyrosine kinases has emerged as a major mechanism for mediating Schwann cell-axon communication in regulation of myelination (Fig. 1) . Schwann cells express only two members of the ErbB family of proteins, ErbB2 and ErbB3 [16, 17] . Because ErbB2 lacks ligand-binding ability and ErbB3 lacks kinase activity, these two proteins require heterodimerization to form a functional receptor. Nrg1 binds to ErbB3 and promotes ErbB2-mediated phosphorylation of tyrosine residues in the cytoplasmic domains of both ErbB2 and ErbB3 in the ErbB2/ ErbB3 heterodimer [16] . Among the six types of Nrg1 identified, the axon membrane-bound form, Nrg1 type III, is the primary ligand for activating ErbB2/ErbB3 receptor in Schwann cells in vivo to promote myelination [18] [19] [20] . In addition, Nrg1 type I, which is likely mainly produced by Schwann cells, can induce ErbB2/ErbB3 receptor activation via autocrine signaling [21, 22] . The soluble form of Nrg1 type I, which is either naturally produced or shredded from the membrane-anchored form by peptidases such as ADAM10 or ADAM17 (a disintegrin and metallopeptidase domain 10 or 17) or BACE1 (beta-secretase 1) [23] [24] [25] [26] , could also promote myelination and remyelination after nerve injury in addition to its role in maintaining Schwann cell survival [22, 27, 28] .
Activation of ErbB2/ErbB3 receptor by Nrg1 leads to activation of multiple downstream signaling pathways (Fig. 1) . Upon stimulation by activated ErbB2/ErbB3 receptor, class I phosphoinositide 3-kinase (PI3K) [29] phosphorylates the D3 hydroxyl group of the lipid phosphoinositide PI(4,5)P 2 to generate PI(3,4,5)P 3 ( Fig. 1, step 1 ). This reaction can be reversed by a lipid phosphatase known as phosphatase and tensin homolog (PTEN) [30] , which removes the phosphate group added by PI3K (Fig. 1, step 2 ). PI(3,4,5)P 3 is a key lipid signaling molecule in Schwann cells that promotes myelination, as suggested by the finding that elevated level of PI(3,4,5)P 3 resulted from Schwann cell-specific inactivation of PTEN causes hypermyelination [31] . The major downstream effector of PI(3,4,5)P 3 is Akt [32] , which has been proposed as a key mediator of promyelination signaling in Schwann cells (Fig. 1,  step 3 ). Activation of ErbB2/ErbB3 receptor by either Nrg1 type I or Nrg1 type III also stimulates downstream Mek (Fig. 1 , step 4) and Erk (Fig. 1, step 5 ) signaling, as seen in cultured Schwann cells [15, 20] and peripheral nerves of mice [33] . The sustained activation of Mek-Erk signaling has been implicated in several studies to inhibit myelination [33, 34] . Recent work has shown that activated ErbB2/ErbB3 receptors can also activate PLCγ/calcineurin signaling ( Fig. 1 , steps 9 and 10) to cause Schwann cell differentiation and promote myelination [35] . In addition, ErbB2/ErbB3 receptor activation has been reported to stimulate JNK1/c-Jun signaling (Fig. 1 , steps 11 and 12) for causing demyelination in Schwann cells [36] . While it is unclear as to how ErbB2/ErbB3 receptor activation coordinately controls these various signaling cascades in Schwann cells, the balance of these promyelination and demyelination signaling downstream of ErbB receptors is likely to be a critical determinant in the control of myelin formation and maintenance. Future studies are needed to investigate how the signaling output of Nrg1-activated ErbB2/ErbB3 receptor is determined and modulated in Schwann cells to regulate myelination in peripheral nerves.
Regulation of ErbB Receptor Signaling by Endocytic Trafficking
Increasing evidence indicates that ErbB receptor signaling is regulated by endocytic trafficking which controls intracellular distribution and degradation of ErbB receptors [37] [38] [39] [40] . Our current understanding of endocytic trafficking of ErbB receptors is largely based on studies of ErbB1 (also known as epidermal growth factor receptor (EGFR)) trafficking. Relatively little is presently known about ErbB2 and ErbB3 endocytic trafficking, particularly in Schwann cells. It has become clear that ErbB receptors can undergo constitutive endocytosis in the absence of ligand (Fig. 2, step 1) followed by recycling to the cell surface (Fig. 2, steps 2 and 3) . Binding of ligand such as Nrg1 to ErbB receptors not only activates downstream signaling pathways at the plasma membrane but also induces rapid endocytosis of ErbB receptors and trafficking to the early endosome (Fig. 2, step 4) . The internalized ErbB receptors can still signal to downstream effector proteins at endosomes because their activated intracellular domains remain exposed to the cytoplasm. The signaling pathways transmitted at endosomes can be qualitatively different from those originated at the plasma membrane, as has been shown for EGF-activated ErbB1/EGFR [41] . Recent studies have shown that Nrg1-activated ErbB2/ErbB3 receptors could undergo endocytosis in Schwann cells [42, 43] ; however, it remains to be determined whether activated ErbB2/ErbB3 receptors trigger distinct signaling pathways at the plasma membrane and endosomes.
Upon arrival at the early endosome, the internalized ErbB receptors face a sorting decision between recycling to the plasma membrane (Fig. 2, steps 2 and 3) or sorting into the intraluminal vesicles of multivesicular bodies (MVBs) for delivery to the lysosome for degradation (Fig. 2 , steps 5 and 6).
The endosomal sorting complex required for transport (ESCRT) machinery, composed of ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III complexes, has emerged as a central player in the control of endosome-to-lysosome trafficking of cargo proteins, such as internalized ErbB receptors [44] . As in the case of other cargo proteins, ubiquitination of ErbB receptors serves as an endosomal sorting signal for transport to the lysosomal pathway for degradation. The ubiquitinated ErbB receptors are recognized and sequestered by ESCRT-0 complex, which then recruits ESCRT-I, ESCRT-II, and ESCRT-III complexes to facilitate incorporation of ErbB receptors into endosomal invaginations and inward budding of MVB vesicles (Fig. 2, step 5) . Budding of ErbB receptor-containing vesicles into the lumen of MVBs prevents ErbB receptor signaling to downstream effector proteins, thereby attenuating signal transduction. Subsequent fusion of MVBs with lysosomes delivers ErbB receptors into the lumen of lysosomes for degradation by lysosomal proteases (Fig. 2, step 6 ) and thus enables termination of ErbB receptor signaling.
We propose that the conceptual framework established from studies of ErbB1 receptor trafficking and signaling (Fig. 2) may also be applied to ErbB2/ErbB3 receptors in Schwann cells. Previous studies have shown that Nrg1-induced activation causes ErbB3 endocytosis and subsequent degradation by the lysosome in MCF7 breast tumor cells, although the ErbB3 degradation occurs at a slower rate than that of ErbB1 [45, 46] Furthermore, our recent work has revealed that, in response to Nrg1 binding, ErbB3 in Schwann cells can undergo endocytic Binding of Nrg1 induces heterodimerization of ErbB2 and ErbB3 on Schwann cell surface and activation of the ErbB2/ErbB3 receptor, leading to activation of multiple downstream signaling pathways. Activated ErbB2/ErbB3 receptor stimulates class I PI3K to produce PI(3,4,5)P 3 from PI(4,5)P 2 (step 1), which activates Akt (step 3) signaling. This process is antagonized by PTEN which dephosphorylates PI(3,4,5)P 3 back to PI(4,5)P 2 (step 2). Activation of ErbB2/ErbB3 receptor also causes activation of Mek (step 4) and Erk (step 5) signaling. Endosomal PI(5)P production involves a series of reactions mediated by PI5K which produces PI(3,5)P 2 from PI(3)P (step 6) and by MTMRs which convert PI(3,5)P 2 to PI(5)P (step 7). The presence of PI(5)P promotes Akt signaling (step 8). In addition to the PI3K/Akt and Mek/Erk pathways, ErbB receptor also activates JNK1/c-Jun signaling (steps 9 and 10) and PLCγ/ calcineurin signaling (steps 11 and 12). Together, these pathways regulate myelination and myelin maintenance degradation, which is associated with the termination of Nrg1-activated ErbB2/ErbB3 receptor signaling [43, 47] . It is unclear whether or not ErbB2 can undergo Nrg1-induced degradation, and ErbB2 has been reported to undergo rapid recycling from early endosomes to the cell surface [48, 49] . Given the importance of Nrg1-activated ErbB2/ErbB3 receptor signaling in the peripheral nervous system, it is important for future studies to elucidate the molecular mechanisms governing endocytic trafficking of Nrg1-activated ErbB2/ ErbB3 receptors in Schwann cells and determine how ErbB2/ErbB3 trafficking affects the potency, duration, and functional outcomes of ErbB2/ErbB3 receptor-mediated signaling in the control of myelin formation and maintenance.
Modulation of ErbB Receptor Trafficking and Signaling by Phosphoinositides
Phosphoinositides (also known as inositol phospholipids) are increasingly recognized as important, lipid regulators of endocytic trafficking [50] . The enrichment of distinct phosphoinositides in different subcellular membranes not only helps define the identity of these membrane compartments but also serves as a mechanism for recruiting phosphoinositidebinding proteins to regulate endocytic trafficking of cargo proteins, such as ErbB receptors (Fig. 2) . The phosphoinositide PI(4, 5)P 2 is enriched at the plasma membrane at sites of clathrinmediated endocytosis [51] to facilitate the formation of Fig. 2 Proposed model of dysregulated ErbB receptor trafficking and signaling in demyelinating CMT. ErbB2 and ErbB3 proteins may undergo constitutive endocytosis in the absence of ligand (step 1) and then travel through recycling endosomes (step 2) back to the cell surface (step 3). Binding of Nrg1 triggers heterodimerization and activation of ErbB2/ErbB3 receptor, leading to activation of downstream signaling pathways at the plasma membrane (thunderbolt). Ligand binding also promotes ubiquitination (Ub) and endocytosis of ErbB receptors (step 4). The internalized ErbB receptors can still signal to their downstream effectors at the early endosome (thunderbolt). Ubiquitination of ErbB receptors may also occur at the early endosome. The ubiquitinated ErbB receptors are recognized and sorted at the early endosome by ESCRTs into intraluminal vesicles to form multivesicular bodies (step 5). Once inside the multivesicular bodies, ErbB receptors can no longer produce signaling output. As multivesicular bodies fuse with lysosomes, ErbB receptors are degraded and their signaling is completely terminated (step 6). Removal of ubiquitin signals from ErbB receptors at the early endosome by deubiquitinating enzymes (step 7) allows recycling of these receptors back to cell surface (steps 2 and 3). Mutations in proteins associated with various types of demyelinating CMT (shown in red) can affect endocytosis, endosome-to-lysosome trafficking, and endocytic recycling to cause demyelinating peripheral neuropathy. Specific phosphoinositides enriched in various membrane compartments are indicated by different colors as defined in the legend clathrin-coated vesicles for receptor internalization (Fig. 2, step  4) . The phosphoinositide enriched in early endosomes is PI(3)P, which is generated by class III phosphoinositide 3-kinase PIKC3/Vps34 [52] . The endosomal PI(3)P is recognized by the PI(3)P-binding, FYVE (Fab1, YOTB, Vac1, and EEA1 homology) domain in ESCRT-0 subunit Hrs [52, 53] to recruit Hrs to the endosomal membrane and promote ESCRT-mediated endosomal cargo sorting and MVB vesicle formation (Fig. 2, step 5) . PI(3)P can be further phosphorylated at the D5 hydroxyl group by phosphoinositide 5-kinase (PI5K) to produce PI(3,5)P 2 , which preferentially localizes at the limiting membranes of MVBs/late endosomes and lysosomes [50] to promote the trafficking of ErbB receptors and other cargos to the lysosomes for degradation (Fig. 2, step 5) . Our current understanding of the regulatory roles of phosphoinositides in ErbB receptor trafficking is based on studies of ErbB1, and how various phosphoinositides regulate ErbB2/ErbB3 receptor trafficking in Schwann cells is an unexplored question that requires future investigation.
By regulating endocytic trafficking of ErbB receptors, phosphoinositides can impact on ErbB receptor-mediated signaling, as discussed in the preceding section. In addition, phosphoinositides can also have a direct role in regulating ErbB downstream signaling pathways. The phosphoinositide PI(3,4,5)P 3 generated at the plasma membrane by class I PI3K (Fig. 1, step 1) recruits and activates the kinase Akt to enhance promyelination signaling in Schwann cells [32] . PI(5)P, a product of endosomal phosphoinositide metabolism [54, 55] , also promotes Akt activation (Fig. 1, steps 6-8 ). In addition, the 3-phosphatase PTEN downregulates PI(3,4,5)P 3 ( Fig. 1, step 2 ) and thereby negatively regulates Akt signaling in the control of myelination [31, 56] . Future studies are needed to understand the mechanisms by which different phosphoinositides regulate endocytic trafficking and signaling of ErbB2/ErbB3 receptors in the control of the formation and function of myelinated peripheral nerves.
Dysregulation of Endocytic Trafficking as an Emerging Theme in Demyelinating CMT
Recent studies reveal that a number of demyelinating CMTlinked proteins are novel regulators of endocytic trafficking and suggest that their disease-associated mutations may lead to trafficking defects at different steps of the endocytic pathway, including endocytosis, endosomal recycling, and endosome-to-lysosome trafficking (Table 1) . Emerging evidence indicates that dysregulation of endocytic trafficking processes is a common theme shared by multiple subtypes of demyelinating CMT.
Endocytosis Impairment
Endocytosis dysfunction has recently been implicated in the pathogenesis of several recessively inherited types of demyelinating CMT, including CMT4B, CMT4C, and CMT4H (Fig. 2, steps 1 and 4) . CMT4B has three subtypes, CMT4B1, CMT4B2, and CMT4B3, which are caused by mutations in MTMR2, MTMR13, and MTMR5, respectively [57] [58] [59] [60] [61] [62] [63] . These MTMR genes encode ubiquitously expressed, myotubularinrelated protein (MTMR) family of phosphoinositide 3-phosphatases [64, 65] . MTMR2 is a catalytically active 3-phosphatase that dephosphorylates PI(3)P and PI(3,5)P 2 to PI and PI(5)P, respectively [64] , whereas MTMR13 and MTMR5 are catalytically inactive phosphatases that associate with MTMR2 to enhance its 3-phosphatase activity [64, 66] . The cellular functions of these MTMR proteins remain poorly understood. A recent study showed that short hairpin RNA (shRNA)-mediated depletion of endogenous MTMR2 in cultured hippocampal neurons causes enhanced endocytosis of AMPA receptor subunit GluR2 and suggested that MTMR2 may negatively regulate endocytosis through its interaction with PSD95 [67] . Furthermore, studies in Drosophila reveal that Mtm phosphatase, the single homologue of both human MTM1 and MTMR2, may regulate endocytosis and cortical remodeling by acting on a pool of PI(3)P generated by class II phosphoinositide 3-kinase at the plasma membrane [68, 69] . These findings support a potential link between dysregulated endocytosis and CMT4B pathogenesis.
CMT4C-causing mutations are found in the SH3TC2 gene that encodes a 1288 amino acid protein of unknown function with two Src homology 3 (SH3) domains and multiple AD autosomal dominant, AR autosomal recessive tetratricopeptide repeats (TPRs) [70] . SH3TC2 is expressed in Schwann cells as well as in other cell types, where a population of SH3TC2 is localized at the plasma membrane [71] . A recent study reported that SH3TC2 regulates endocytosis of Nrg1-activated ErbB2 receptors in Schwann cells [42] . Although the mechanism by which SH3TC2 regulates endocytosis remains elusive, it is possible that SH3TC2 may facilitate endocytosis via the interaction of its SH3 domains with proline-rich regions of proteins involved in controlling clathrin-mediated vesicle endocytosis. CMT4C-linked SH3TC2 mutations were found to impair the localization of SH3TC2 at the plasma membrane [71] and disrupt the ability of SH3TC2 to facilitate ErbB2 receptor endocytosis [42] , supporting the involvement of dysregulated endocytosis in CMT4C pathogenesis. CMT4H is an early-onset peripheral neuropathy caused by mutations in the Fdg4 gene that encodes FGD1-related actin filament-binding protein (Frabin), a guanine nucleotide exchange factor for the Rho GTPase Cdc42 [72] . Frabin is expressed in a wide variety of tissues, and its cellular function remains poorly understood. A recent study has shown that shRNA-mediated depletion of endogenous Frabin leads to inhibition of transferrin receptor internalization in rat RT4 Schwann cells [72] , suggesting a role of Frabin in regulation of endocytosis. Because CMT4H is a recessively inherited disease caused by loss-of-function mutations in Frabin, these results implicate endocytosis impairment as a potential pathogenic mechanism in CMT4H neuropathy.
Endosomal Recycling Dysfunction
Emerging evidence points to a link between dysregulation of endosomal recycling and the pathogenesis of demyelinating CMT types CMT4B, CMT4C, and CMT4D (Fig. 2, step 3) . Recent findings in Drosophila suggest a role for CMT4B-associated proteins MTMR2, MTMR13, and MTMR5 in regulation of endosomal recycling, as Drosophila Sbf, the single homologue of human MTMR5 and MTMR13, was found to function together with the MTM1/MTMR2 homologue Mtm and GTPases Rab21 and Rab11 in regulating endosomal recycling to the plasma membrane for macrophage protrusion formation [73] . Interestingly, a proteomic analysis has identified receptor-mediated endocytosis 8 (RME-8) as a MTMR2-regulated, PI(3)P-binding protein [74] . Although RME-8 was initially identified as a protein required for endocytosis in C. elegans [75] , recent evidence indicates that RME-8 is primarily involved in regulation of postendocytic trafficking, such as Notch recycling from endosome to the plasma membrane [76] These results implicate a role for altered endosomal recycling in CMT4B pathogenesis.
Studies of CMT4C-associated protein SH3TC2 have shown that, in addition to its localization at the plasma membrane, SH3TC2 also localizes to the recycling endosomes [71, 77] . Two groups have shown that SH3TC2 preferentially binds the GTP-bound form of small GTPase Rab11 and promotes recycling of internalized transferrin receptors to the cell surface in HeLa cells [77, 78] , supporting a function of SH3TC2 as a novel Rab11 effector in the regulation of endosomal recycling. Furthermore, these groups reported that CMT4C-associated mutations abolish the interaction of SH3TC2 with Rab11, causing SH3TC2 mislocalization from recycling endosomes to the cytosol and impaired transferrin receptor recycling in HeLa and HEK293 cells [77, 78] . These findings provide evidence supporting the potential involvement of endosomal recycling dysfunction in the pathogenesis of CMT4C neuropathy.
CMT4D is an autosomal recessive demyelinating neuropathy caused by mutations in the NDRG1 gene encoding Nmyc downstream regulated 1 (Ndrg1), a ubiquitously expressed protein which is primarily localized to the cytoplasm and endosomes [79, 80] . Although the function of Ndrg1 remains unclear, recent studies have shown that Ndrg1 has a role in regulating recycling of internalized proteins such as low-density lipoprotein (LDL) receptor in A431 cells and E-cadherin in HEK293 cells through recycling endosomes to the cell surface [80, 81] . A truncation mutation responsible for most CMT4D cases produces a non-functional form of Ndrg1 that is unable to facilitate endosomal recycling [81] . Although it remains to be determined whether Ndrg1 has a role in regulating recycling of LDL receptor, E-cadherin, or other cargos in peripheral nerves, these results from studies in cell lines raise the possibility that impaired endosomal recycling may be involved in CMT4D neuropathy.
Defective Endosome-to-Lysosome Trafficking
Dysregulation of endosome-to-lysosome trafficking has emerged as a common theme for several types of demyelinating CMT that include the autosomal dominant form CMT1C and autosomal recessive forms CMT4B, CMT4D, and CMT4J (Fig. 2, step 5 ). CMT1C is caused by missense mutations in the gene encoding small integral membrane protein of lysosome/late endosome (SIMPLE; also known as lipopolysaccharide-induced TNF factor (LITAF)), a ubiquitously expressed protein of unknown function [82] [83] [84] [85] . Our group has recently generated highly specific anti-SIMPLE antibodies and found that endogenous SIMPLE is an early endosomal membrane protein [43, 47] rather than a nuclear protein [86] or a lysosomal/late endosomal membrane protein [87] as previously suggested. Our studies reveal that SIMPLE is a novel regulator of endosome-to-lysosome trafficking, acting with the ESCRT machinery in controlling endosomal sorting of cargo proteins (e.g., EGFR and ErbB3 receptors) to the lysosomal pathway for degradation [43, 47] . We found that SIMPLE is a post-translationally inserted, C-tail-anchored endosomal membrane protein and its membrane insertion is impaired by CMT1C-linked mutations, resulting in SIMPLE mislocalization from the endosomal membrane to the cytosol [43, 47] . We further showed that the diseasecausing SIMPLE mutant proteins are loss-of-function mutants that exert dominant pathogenic effects to disrupt endosome-to-lysosome trafficking by interfering with ESCRT recruitment to the endosomes [43] . These findings provide strong evidence linking dysfunction of ESCRTregulated endosome-to-lysosome trafficking to demyelinating CMT pathogenesis.
A recent study of CMT4D-associated protein Ndrg1 [81] reported that siRNA-mediated depletion of endogenous Ndrg1 not only impairs endosomal recycling of LDL receptors to the cell surface but also causes a reduction in ESCRT protein levels and impaired endosome-to-lysosome trafficking and degradation of LDL receptors in A431 cells. Although similar experiments have not yet been performed in Schwann cells, the findings from the study of Ndrg1 in A431 cells [81] , together with the autosomal recessive inheritance of CMT4D-linked mutations, suggest the possible involvement of impaired ESCRT-regulated endosome-to-lysosome trafficking in CMT4D pathogenesis. Interestingly, genetic studies of teetering mice have identified a spontaneous missense mutation in the ESCRT component Hrs as the genetic defect for causing the peripheral neuropathy phenotype of teetering mice [88, 89] . These emerging data provide additional support for a role of defective ESCRT-regulated endosome-to-lysosome trafficking in demyelinating peripheral neuropathy.
In addition to ESCRT dysfunction, impairment of phosphoinositide-mediated regulation of endosome-tolysosome trafficking has also been implicated demyelinating CMT pathogenesis. Studies of CMT4B-linked proteins MTMR2, MTMR13, and MTMR5 have shown that these proteins primarily act at endosomes to regulate levels of PI(3)P and PI(3,5)P 2 by promoting their dephosphorylation [64] [65] [66] 90] . Depletion of endogenous MTMR2 by siRNAs leads to abnormal accumulation of PI(3)P and PI(3,5)P 2 on endosomes and impaired endosome-to-lysosome trafficking of EGFR in human squamous cell carcinoma SCC-12F and A431 cells [91] . Furthermore, MTMR2 has been shown to regulate PI(3)P-dependent endosomal targeting of RME-8 [74] , a protein known to be involved in regulation of EGFR trafficking from endosomes to lysosomes for degradation [92] [93] [94] . These findings suggest that altered phosphoinositide metabolism caused by CMT4B-linked, loss-of-function mutations could affect endosome-tolysosome trafficking, thereby contributing to the pathogenesis of demyelinating CMT.
CMT4J is a demyelinating neuropathy caused by mutations in fat-induced gene 4 (FIG 4) encoding Fig 4, an ubiquitously expressed, phosphoinositide 5-phosphatase that dephosphorylates PI(3,5)P 2 to PI(3)P [95] . Fig 4 also binds and activates PI5K that generates PI(3,5)P 2 from PI(3)P at the endosome [96] . As a result, loss of Fig 4 causes a decrease rather than an increase of PI(3,5)P 2 levels [96, 97] . Furthermore, the endosomes and lysosomes are enlarged in Fig 4-deficient cells [96, 97] , suggesting an involvement of impaired PI(3,5)P 2 -regulated endo-lysosomal trafficking in CMT4J pathogenesis.
Altered ErbB Receptor Trafficking and Signaling Implicated in Demyelinating CMT
The emergence of defects in endocytic trafficking as a common theme in a number of demyelinating CMT diseases raises an important question as to how these trafficking defects produce demyelinating neuropathy that specifically affects the peripheral nervous system. The findings that mutations in ubiquitously expressed regulators of endocytic trafficking cause demyelinating peripheral neuropathy suggest that Schwann cells are more vulnerable than most of other cells to defect in endocytic trafficking. Recent evidence has begun to suggest that CMT mutation-induced endocytic trafficking dysregulation could alter ErbB2/ErbB3 receptor trafficking and signaling in Schwann cells (Table 2) . We propose that dysregulation of ErbB receptor trafficking and signaling in Schwann cells may represent a common pathogenic mechanism contributing to the pathogenesis of multiple subtypes of demyelinating CMT.
Impaired ErbB Receptor Endosome-to-Lysosome Trafficking and Signaling Attenuation in CMT1C
Studies from our laboratory have identified the CMT1C-associated protein SIMPLE as a positive regulator of endosometo-lysosome trafficking required for controlling Nrg1-induced ErbB3 downregulation in Schwann cells [43, 47] . We found that expression of CMT1C-linked SIMPLE mutant proteins impairs endosome-to-lysosome trafficking and degradation of ErbB3 protein in Schwann cells [43] and induces a peripheral neuropathy phenotype in transgenic mice [98] . Consistent with a critical role of endosome to-lysosome trafficking in signaling attenuation [99] , our results indicate that SIMPLE mutantinduced trafficking impairment causes reduced attenuation of Nrg1-activated ErbB2/ErbB3 receptor signaling, leading to prolonged downstream Erk signaling [43] . ErbB receptor and Erk signaling hyper-activation has been shown to cause Schwann cell dedifferentiation and demyelination [100, 101] . Together, these findings suggests a pathogenic pathway by which CMT1C-linked SIMPLE mutation causes dysregulation of ErbB receptor trafficking and signaling in Schwann cells and thereby triggers demyelination and peripheral neuropathy.
Defective ErbB Receptor Endocytosis and JNK1/c-Jun Signaling in CMT4C
CMT4C-associated protein SH3TC2 has been proposed to function as a positive regulator of endocytosis [42] or of endosomal recycling to the plasma membrane [77, 78] . There is evidence that SH3TC2 is required for controlling Nrg1-induced ErbB2 endocytosis in Schwann cells [42] , but whether SH3TC2 has a role in regulating ErbB recycling to the cell surface remains to be determined. CMT4C-linked mutations were found to impair the ability of SH3TC2 to promote ErbB2 receptor endocytosis in Schwann cells [42] . The signaling consequence of SH3TC2 mutant-induced ErbB trafficking impairment is unclear, but it has been suggested that the pathogenic SH3TC2 loss-of-function mutations may cause a reduction in downstream JNK1/c-Jun signaling based on immunoblot analysis of sciatic nerve extracts from the SH3TC2 knockout mice [42] . However, the proposed role of reduced JNK1/c-Jun signaling in causing peripheral nerve hypomyelination in the SH3TC2 knockout mice [102] seems to be in conflict with the reported function of JNK1/c-Jun signaling in the inhibition of myelination [36] . Further studies are warranted to define the ErbB receptor trafficking and signaling defects caused by CMT4C-linked SH3TC2 mutations and their roles in demyelinating peripheral neuropathy.
Elevated ErbB Receptor Levels and Altered Erk and Akt Signaling in CMT1A and CMT1X
CMT1A, an autosomal dominant form of demyelinating CMT, is the most common hereditary peripheral neuropathy, which accounts for over 50 % of all CMT cases. CMT1A is caused by duplication of the PMP22 gene that encodes peripheral myelin protein 22 (PMP22), leading to PMP22 overexpression and aggregation in Schwann cells [103, 104] . The molecular mechanism underlying CMT1A pathogenesis remains unclear, but overexpressed and aggregated PMP22 protein has been proposed to disrupt Schwann cell function and cause demyelinating neuropathy via gain-offunction mechanisms [105] . Analysis of peripheral nerves from CMT1A patients reveals increased levels of ErbB2 and ErbB3 proteins in Schwann cells compared to the controls [106] , which could potentially result from impaired endocytic trafficking and degradation of ErbB receptors. The CMT1A-associated increases in ErbB2 and ErbB3 levels would be predicted to cause over-activation of ErbB receptor signaling, leading to abnormal downstream signaling in Schwann cells. In support of this possibility, increased Erk signaling was found in CMT1A mouse [107] and rat [27] models, and reduced Akt signaling was observed in CMT1A rat model [27] . Together, these findings raise an intriguing possibility that dysregulated ErbB2/ErbB3 receptor trafficking and signaling may be involved in CMT1A pathogenesis, a hypothesis which requires investigation by future experiments.
CMT1X, an X-chromosome-linked, dominant form of demyelinating CMT, is the second most common hereditary peripheral neuropathy, which accounts for about 10 % of all CMT cases. CMT1X is caused by mutations in the GJB1 gene that encodes the gap junction protein connexin32 (Cx32) [108] [109] [110] . Studies have shown that CMT1X-linked Cx32 mutations impair gap junction formation through a combination of loss-of-function and gain-of-function effects [111] , but how these mutations cause demyelinating CMT neuropathy is incompletely understood. Elevated ErbB3 protein levels were found in the peripheral nerves of CMT1X patients [106] , suggesting that abnormal ErbB receptor signaling could [96, 97, 114] . Interestingly, a recent study reported a genetic interaction between Fig 4 and MTMR2 in the control of phosphoinositide metabolism and myelin homeostasis [115] . Based on the finding of abnormally enlarged endosomes and lysosomes induced by loss of Fig 4 [96, 97] , we hypothesize that CMT4J-linked loss-of-function mutations in Fig 4 may cause altered endolysosomal trafficking and signaling of ErbB receptors in Schwann cells and thereby contribute to CMT4J pathogenesis.
CMT4D-associated protein Ndrg1 has been proposed to function as a positive regulator of endosome-to-plasma membrane recycling [80, 81] and endosome-to-lysosome trafficking [81] . Based on these proposed functions of Ndrg1, it is possible that CMT4D-linked Ndrg1 mutations may cause dysregulation of ErbB2/ErbB3 receptor trafficking and signaling in Schwann cells to trigger CMT4D pathogenesis. A recent study reported a role for Ndrg1 in upregulating PTEN expression and inhibiting the PI3K/Akt and Erk signaling pathways [116] , raising the possibility that the loss-of-function mutations in Ndrg1 found in CMT4D may cause reduced PTEN expression and enhanced PI3K/Akt and Erk signaling in Schwann cells.
CMT4H-associated protein Frabin has been shown to regulate endocytosis of transferrin receptors in Schwann cells [72] ; thus, it is possible that Frabin also participates in regulation of endocytosis of ErbB2/ErbB3 receptors in Schwann cells. Although the effects of CMT4H-linked Frabin mutations on ErbB receptor trafficking have not been examined, a number of disease-causing Frabin mutations were found in its phosphoinositide-recognition domains, namely, the two PH domains with binding specificity to PI(3,4,5)P 3 , PI(4,5)P 2 , and PI(3,4)P 2 and one FYVE domain with binding specificity to PI(3)P [72, [117] [118] [119] . As described earlier, these phosphoinositides play important roles in regulation of ErbB2/ErbB3 receptor trafficking and signaling ( Figs. 1 and  2) ; thus, it is possible that CMT4H-linked Frabin mutations may impair phosphoinositide-mediated regulation of ErbB receptor trafficking and signaling, thereby contributing to CMT4H pathogenesis.
Targeting ErbB Receptor Trafficking and Signaling as Potential Therapeutic Intervention in Demyelinating CMT
The finding of dysregulated ErbB receptor trafficking and signaling in multiple forms of demyelinating CMT suggests the possibility of modulating these processes as novel approaches for treating demyelinating CMT. One way to modulate ErbB receptor signaling can be achieved at the ligand level through Nrg1 supplementation, as studies have shown that both Nrg1 type III and Nrg1 type I can regulate Schwann cell differentiation and myelination in a concentrationdependent manner [22, 27, 100, 120] . A recent work demonstrated that supplementing recombinant human Nrg1 type I reduced the increased Erk signaling and enhanced the decreased Akt signaling in a transgenic rat model of CMT1A and ameliorated its demyelinating peripheral neuropathy phenotype [27] , supporting the therapeutic potential of Nrg1 supplementation for treating CMT1A and possibly other forms of demyelinating CMT that involve impaired ErbB receptor signaling.
Targeting other steps of the ErbB receptor trafficking and signaling pathways may also provide therapeutic benefit to combat demyelinating peripheral neuropathy. For example, ErbB receptor kinase inhibitor PKI 166 is able to abrogate Mycobacterium leprae-induced ErbB2 and Erk signaling over-activation and demyelination in mice [33] . Mek inhibitor, such as CI-1040 and U0126, has been shown to reduce the augmented Erk signaling and demyelination phenotype in rodent models of CMT1A [27, 107] and CMT1X [112] . In addition, agents such as geldanamycin [121] and ErbB receptorspecific monoclonal antibodies [122] [123] [124] that facilitate ErbB receptor endocytosis and degradation could be explored in preclinical studies for treating certain forms of CMT with elevated ErbB levels and augmented Erk signaling (Table 2) . Furthermore, given the critical role of phosphoinositides in modulation of ErbB receptor trafficking and signaling and their involvement in CMT pathogenesis, phosphoinositide kinase and/or phosphatase inhibitors [125] [126] [127] could be tested for potential therapeutic effects to reduce ErbB receptor trafficking and signaling defects and ameliorate demyelinating CMT neuropathy.
Concluding Remarks
Progress made in human genetics has led to the identification of about 20 different genes whose mutations cause demyelinating forms of CMT disease. The fact that these different CMT forms share a similar phenotype of demyelinating peripheral neuropathy raises the possibility that there may be convergent mechanisms and pathways leading to demyelinating CMT pathogenesis. Based on emerging evidence, we propose that dysregulation of ErbB2/ErbB3 receptor trafficking and signaling could be a unifying pathogenic mechanism for various forms of demyelinating CMT, including the most common form CMT1A. Future studies are needed to further test this hypothesis and define the molecular mechanisms governing ErbB2/ErbB3 receptor trafficking and signaling in Schwann cells and their impairment by various CMT-linked mutations. Recent studies indicate that a number of demyelinating CMT-linked proteins are novel regulators of endocytic trafficking; it is important to elucidate their mechanisms of action and determine how endocytic trafficking regulates ErbB2/ErbB3 receptor-mediated downstream signaling cascades in the control of myelination and peripheral nerve function. A better understanding of ErbB receptor trafficking and signaling network in health and CMT disease will facilitate the development of new therapeutic strategies for treating demyelinating peripheral neuropathy.
